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Total neutron capture cross section measurements have been carriedout for **Mn (I = 5/2) over the energy
interval of 2.5-600 keV. Using time-of-flight techniques and a nonhydrogenous liquid scintillator detector
system, resonance energies and capture area were determined for some 143 resonances to 112 keV neutron
energy. Values of radiation widths (T",) were evaluated for broad I = 0 resonances using published total cross
section data. Although values of I', vary widely for individual resonances, mean values of
<Ly = 0 = 7504150 and <T",>, _ , = 4004100 meV were determined. The correlation between I, and
I (for s-wave resonances) was found to give p = 0.64 4 0.14 which is statistically significant at the 99.9%
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INTRODUCTION

Precise information on the neutron capture cross
sections in manganese (5SMn) is valuable for re-
actor design in view of its use as an alloy in
structural material. This information contributes
to our understanding of neutron interactions with
nuclei through the measurements of resonance
parameters by characterizing individual resonances
(E,,T,,T,,J",1) as well as their average proper-
ties and fluctuations about their mean values.

An examination of the correlation between re-
sonance neutron and radiation widths (I, and T,)
provides evidence for model interpretations.

The investigation of capture cross sections com-
plements total cross section measurements which
provide reliable information for neutron widths.
Although several measurements of total cross
sections in manganese have been reported in the
past few years,'® only one measurement* of
capture cross sections for this nucleus has been
reported to date. In view of the capture measure-
ment’s greater sensitivity for resonances with very
small I',’s this technique is also useful in determining
parameters of resonances of higher orbital angu-
lar momenta /=1 and I=2, provided that proper
account is taken of the additional weak s-wave
levels. An estimate of the number of weak
s-wave levels can be made by investigating the
neutron width distribution. Finally the measure-
ments of precise capture cross sections in the
10-100 keV region are of some importance in
understanding the nucleosynthesis of elements in
stellar interiors which takes place by successive
capture of neutrons.

EXPERIMENTAL DETAILS

The cross sections were measured at the 40 m
station of the Oak Ridge Electron Linear Ac-
celerator (ORELA). The experimental arrange-
ments and equipment have been described in
earlier publications,®® and only a brief summary
relevant to the present measurements is given
here.

The sample of natural manganese weighing
7.765 g in the form of a rectangular plate 2.62 cm
%X 2.56 cm X 0.2 cm (2=0.0127 atoms/b) is cen-
trally placed between a pair of total energy y-ray
detectors. A calculated pulse-height weighting
technique provides an average detector response
for capture y rays proportional to the total energy
of the capture event., These nonhydrogenous
fluorocarbon scintillators yield low backgrounds
with a time resolution better than 2 nsec and a
y-cascade efficiency of about 15% per neutron cap-
tured. The beam burst width used in these ex-
periments was 5 ns, giving a nominal time re-
solution at the highest energy of about 0.1 ns/m.
This is a factor of about 4 -better than the best
total cross section measurements’-3 made to date
for this nucleus, and very much better than the
only other capture measurements.*

ANALYSIS

The capture cross section of neutrons by a nu-
cleus due to a resonance is described by the
Breit-Wigner single level formula,

_ rr,
Ty =TSy (F_Fg)e+ (T/2)° °
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where g, is the statistical weight factor, T, is

the value of the neutron width at E, and I, and

T are the radiation and total widths, respectively.
E, is the resonance energy and x corresponds to
the neutron wavelength divided by 27 at energy

E. This expression is valid for an isolated re-
. sonance but does not take into account contributions
to 0, , from other neighboring resonances.

Analyses of individual resonances (in terms of
the single level formula) were carried out with a
generalized least-squares-fit program (LSFIT?).
The program takes into account Doppler broadening,
instrumental resolution, resonance self-pro-
tection and provides a background term having 1/v
dependence. The program also handles multiple
scattering in the sample, following neutrons to the
fourth interaction. A comparison of the adequacy
of the multiple scattering treatment here with
Monte Carlo calculations showed no appreciable
differences up to multiple scattering contributions
of ~50% of the observed capture yield. The program
also has provision for adjusting an asymmetric
tail to the primarily Gaussian shape of the experi-
mental resolution function. If the neutron width
T, is independently known or is appreciably great-
er than the resolution, the radiative width will be
uniquely evaluated. If the total width is less than
~ of the resolution, either T', or T, must be fixed
in the analysis to achieve convergence.

The area fit evaluates the thin sample capture
area (A,=2m%x,%T,T,/T) and the kernel, gT',T',/T
is listed in Table I. In the limit where I',> T,
the kernel approaches gI",, and conversely for
I',> T, (which tends to be the case at higher en-
ergies) the kernel approaches gT,.

" An important consideration in the determination
of T, is the sensitivity of the capture detector

to scattered neutrons. This provides a correction
to the observed values of I', obtained in the least-
squares fit. This correction has been applied in
the thin sample approximation as

r‘r = FY(obs) - krn .

It was first formulated and evaluated using the
"Li resonance near 250 keV for which the ratio
of I, to I', was known to be extremely small.®
To obtain detailed information on the energy
dependence of the scattered neutron sensitivity
of our apparatus, we have used off-resonance
scattering from samples of 2C and 2°2Pb (see
Ref. 7 for data and discussion). As the energy
loss on elastic scattering varies inversely as the
mass of the compound nucleus, the structure is
best shown with the ?®®*Pb sample. Features
evident in the data, are attributed to scattered
neutron capture in the fluorine nuclei of the C.F,
scintillation detector, aluminum in the detector

mounting, and silicon in the quartz scintillator
cells and light pipes. Some of the residual,
smoothly energy-dependent sensitivity may be
attributed to the boron found in the pyrex photo-
tube faces. The 2°°Pb off-resonance yield” has
been parametrized so that the sensitivity for
lighter nuclei such as manganese can be com-
puted including the effects of greater energy loss
on scattering.

The correction ranges from about 2=10"3-10"¢
over the energy span of this experiment and is
considered good to 35% or less for such a.thin
sample. The 35% uncertainty in the correction
noticeably increases the error in T, over the statisti-
caluncertainty only for thebroad! = 0 resonances.

The data in terms of effective cross section
versus energy are illustrated in Figs. 1 and 2. The
limitations due toresolution are apparent especially
at energies above 100 keV and therefore analyses
of individual resonances have only been carried
out to 112 keV.

The analysis of very broad resonances requires
appreciable corrections for multiple scattering
and self-shielding which are incorporated only
approximately in the LSFIT analysis. We have
made use of a Monte-Carlo program TACASI® for
such broad resonances. A comparison of an
analysis of the s-wave doublet at 7102 and 8815 eV
by LSFIT and TACASI illustrates the degree to
which T, is underestimated with the former as
multiple scattering exceeds the 50% level. For
the 8815 (J=3) resonance, the analysis using the
least-squares-fitting program gave I',=370+ 11 eV
and I',=1.20+0,04 eV with a multiple scattering
factor of 1.64. See Fig. 3. A series of Monte
Carlo calculations in which I', was varied yielded
a best value of I',=1.16 +0.05 eV. Although the
degree of multiple scattering varied with I, values
of I', were insensitive to the variation. For the
7102 (J=2) resonance, the least-squares analysis
yielded I',=398 +10 eV and I',=1.41+0.04 eV
with a multiple scattering factor of 1.72. See
Fig. 4. Figure 5 shows the TACASI fits to both of
theseresonances. Fixing gT, at a value of 30%
greater only increased I', to 1.47-eV. A series
of a Monte Carlo calculations in which ', was
varied yielded a value of I',=1.40+0.05 eV.
Within the accuracy of the current analysis the
least-squares fitting of the resonance would
appear to be in agreement with the Monte Carlo
calculation up to multiple scattering corrections
as high as 1.7. Bothvalues of I', require correction
for the resonance scattered neutron sensitivity
factor k& described earlier. Table I summarizes
the parameters for all resonances up to 112 keV
as determined in the least-squares analysis in-
cluding the neutron sensitivity correction for
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TABLE I. Parameters of all resonances up to 112 keV for *Mn analyzed by the LsFit program, The asterisk indicates the
resonances which are assigned as s wave. gI, I‘y /T are proportional to the observed area for the resonances with I
assumed or calculated. The values of effective I‘7 ’s after correction for the neutron scattering effet are given in col-

umn 6.

Eo ev) Ty Ela) ooy T, (V) T, 44T, meV) k(107 (L)) (mev) &
4.000 0.6+ 0.1 0.62 x1073+0.68 x10™¢ 300 0.5
4.302 1.9+ 0.1 0.192 x1072+0,12 x1073 300 0.5
4.939 111.0+ 2.8 0.466 £0.015 291.5+ 12.5 291 0.5
6.330 65.2+ 1.7 0.116 £0.005 300 0.5
6.960 3.6+ 0.5 0.365 x1072+0.,56 x1073 300 0.5
7,102 590 1 10 166 +4 1424 + 40 1.0 1026 0.417
*8.815 698.7+ 22.0 216 £6 1200 =+ 38 0.88 823 0.583
9.789 6.7+ 0.5 0.702 x1072+0,54 x1073 300 0.5
10.615 18.9+ 0.7 0.0216 £0.89 x1073 300 0.5
10.895 66.3+ 1.9 0.12 £0.01 300 0.5
11.629 27.3+ 0.9 0.0333 £0.14 x10°2 300 0.5
12.688 125.2+ 1.7 0.557 +0,57 x1071 323 + 34.7 0.74 323 0.5
14.705 36.5+ 1.0 0.048 £0.0017 300 0.5
14.948 81.6+ 2.1 0.179 £0.01 300 0.5
16.167 105.1+ 2.5 0.352 £0.028 300 0.5
17.725 284+ 1.6 0.35 x10°1+0.24 x10°2 300 0.5

*17.802 407.3+ 6.9 6.4 750 + 16 0.64 743 0.58

*17.990 207.2+ 3.8 27 509 =+ 10 0.64 467 0.41
18.812 124.0+ 3.5 0.716 +0.12 300 0.50
19.127 5.5+ 0.8 0.567 x10°2+0.84 x1073 300 0.50
20.225 81.8+ 2.4 0.18 £0.011 300 0.50
20.488 1.9+ 1.0 0.19 x1072+0.10 x10-2 300 0.50
20.824 73.8+ 2.4 0.145 £0.93 %1072 300 0.50

*20.852 750.0 + 23.7 545 1295 + 40 ° 0.62 712 0.58
22.327 264+ 14 0.32 x10"1:0.2 x10°2 300 0.5
22.649 123.1+ 3.0 0.70 +£0.07 298.9+ 8.8 299 0.5

*23.658 266.7+ 10.2 168 652 + 25 0.64 405 0.41
24.416 126.9+ 3.2 1.0 290.8+ 8.4 0.64 291 0.5
25.713 36.8+ 2.0 0.488 x10°1+0.36 x10"2 300 0.5
25.911 191.2+ 46.2 1.65 £0.50 432.5+135.5 432 0.5

*26.460 222 i+ 8 55 546 + 20 88 427 0.41

*26.983 812 =+ 15 245 1404 + 27 1.00 982 0.58
28.255 32.2x 2.1 0.041 +£0.0035 300 0.5
28.741 123.8+ 3.6 0.708 £0,12 300 0.5

*30.310 207 1 28 6.2 443 £ 70 1.04 427 0.41
31.650 72 & 4 0:11 £0.01 300 0.5
31.730 25 + 4 0.028 +£0.004 300 0.5
32.310 132 £ 5 0.389 +0.048 300 0.5
32.420 43 + 4 0.060 +£0,005 300 0.5
33.320 176 + 13 4.2 +£0.28 371 £ 31 ©1.04 364 0.5
34.877 42 £ 9 0.057 £0.012 400 0.5
35.248 71 + 10 0.110 £0.025 400 0.5

*35.300 1618 +220 800 2795 £420 1.0 1416 0.58

*35.535 1106 +192 550 2705 +471 1.0 1363 0.41
36.545 169 =+ 17 3.05 +0.28 361 =z 32 1.0 355 0.5
38.289 8 + 4 0.001 400 0.5
38.392 42 £ 5 0.005 400 0.5
40.917 246 = 14 4.2 518 =+ 32 0.80 - 510 0.5

*40.920 623 = 38 267 1076 + 65 0.63 786 0.58
41.015 M o+ 9 0.124 £0,023 400 0.5
41.115 4 o+ 1 0.116 £0,018 400 ) 0.5
43.850 324 + 12 5 £3 837 + 26 0.60 830 0.5
44,045 176 + 11 2.5 £2.0 400 0.60 0.5
45,340 116 = 7 0.23 £0.03 400 0.60 0.5

*46.930 225 + 10 8.4 561 = 27 0.60 549 0.41

*47.635 86 + 17 12 180 + 16 0.62 168 0.58
48.345 118 = 8 0.25 £0.03 400 0.68 0.5
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TABLE 1. (Continued)
E, (keV) w (meV) gr, (V) T, +kT, (meV) k(1073 (Iy) (meV) g
51.125 184 + 13 2.75 £2.20 400 0.72 0.5
52.450 150 = 13 0.61 +£0.18 400 0.72 0.5
52.820 8 + 5 0.8 x1072:0.5 400 0.5
*53,390 235 + 18 49 577 =+ 43 0.64 500 0.41
54,187 236 + 14 4 502 =+ 30 0.62 497 0.5
*54.575 196 + 14 12 516 + 36 0.60 498 0.58
56.529 165 + 9 1.06 +0.36 400 0.5
57.162 15 = 11 0.017 £0.013 400 0.5
57.325 92 = 15 0.17 +0.05 400 0.5
*57.380 486 +161 325 838 280 0.5 558 0.58
*57.500 292 +125 216 697 297 0.5 433 0.41
58.104 199 £ 11 0.5 660 + 66 0.52 660 0.5
59.590 115 + 13 0.27 +0.08 400 0.5
*59.815 445 + 38 260 1075 + 95 0.5 758 0.41
60.212 123 £ 12 0.32 +£0.07 400 0.5
60.340 38 + 11 0.04 +£0.01 400 0.5
60.978 14 = 7 0.015 £0.008 400 0.5
61.645 142 = 11 0.5 395 + 28 394 0.5
*61.980 203 + 8 8.4 505 =+ 22 0.43 480 0.41
*64.325 1157 + 42 540 1998 + 173 0.43 1598 0.58
64.600 42 + 8 0.053 +0.012 400 : 0.5
*65.750 153 + 11 21 377 + 26 0.43 355 0.41
65.910 74 x 8 0.12 +0.03 400 0.5
*66.612 357 + 9 128 627 x 35 0.43 532 0.58
67.420 87 + 1 0.15 +£0.02 400 0.5
*67.650 262 + 12 25 647 £ 29 0.4 622 0.41
68.835 93 & 11 0.17 +0.04 400 0.5
*69.550 240 + 15 15 435 =+ 43 0.4 425 0.58
*69.870 788 + 80 358 1926 +196 0.4 1577 0.41
69.930 23 & 15 0.027 £0.020 400 0.5
69.990 70 o+ 17 0.11 +0.04 400 0.4 0.5
70.850 93 £ 11 .17 £0.04 400 0.4 0.5
*71,190 280 = 15 9.1 £0.7 575 0.4 568 0.41
*71.850 381 + 18 20 662 <+ 32 0.4 648 0.58
72.275 24 + 8 0.03 +0.01 400 0.5
*72.962 208 + 12 70 509 209 0.4 494 0.41
74.000 58 + 11 0.08 +£0.02 400 0.5
*74.115 305 + 13 6.0 641 0.4 635 0.41
*74.,150 478 = 76 510 825 £130 0.4 472 0.58
74.550 24+ 11 0.028 +0.013 400 0.5
75.450 28 £ 11 0.03 £0.01 400 . 0.5
77450 286 + 53 7.4 +1.7 596 +117 0.4 590 0.5
*78.300 182 = 14 21 475 + 38 0.42 455 0.41
*79,342 205 £ 15 29 361 =+ 28 0.43 338 0.58
81.320 145 + 21 0.04 +0.17 400 ' 0.44 798 0.5
*81.480 398 + 57 165 975 +139 0.44 0.41
81.560 115 + 22 0.18 +£0.06 400 0.44 0.5
82.545 134 + 15 0.22 +£0.05 400 0.44 0.5
*83.525 318 + 17 20 494 £ 22 0.45 479 0.58
83.900 122 & 11 0.31 £0.07 400 0.5
84.175 % + 6 0.19 +0.03 400 0.5
84.800 156 + 23 0.71 £0.50 400 0.5
84.980 396 + 16 5 859 =+ 38 0.46 855 0.5
*85.010 498 + 26 360 785 +224 381 0.41
85.260 43 = 15 0.05 +0.03 400 0.5
86.112 275 £ 50 1.91 +0.38 500 0.48 0.5
*86.290 193 + 34 110 462 =+ 81 0.49 369 0.58
86.490 244 + 20 10.5 0.8 500 0.5
86.570 38 £ 21 0.05 £0.03 400 0.5
87.175 82 + 11 0.14 +0.03 400 0.5
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TABLE I (Continued)

E, kev) Elally*kls) r”‘r ) (mev) T, (eV) I, +T, (meV) k(107 (T,) (meV) &
88.750 267 + 16 5.0 554 + 30 0.6 539 0.5
89.737 190 =+ 10 3.9 +1.9 400 0.5
*91.400 466 + 35 40 813 + 62 L 0.6 772 0.58
*91.475 295 + 35 25 728 + 85 0.6 691 0.41
92.100 236 = 5 4.37 +1.88 500 0.5
93.750 128 =+ 11 0.36 - +0.09 400 0.5
95.250 210 + 10 3.75 +2.06 450 0.65 0.5
*96.750 227 + 26 100 557 + 63 0.65 399 0.41
98.380 242 = 20 8.6 +0.7 500 0.65 0.5
98.825 64 + 16 0.10 +0.04 400 0.65 0.5
*98.975 . 892 =+ 80 435 ) 1541 +138 0.66 1046 0.58
99.250 93 =+ 18 0.17 +0.06 400 0.5
99.950 51 =+ 15 0.07 +0.03 400 0.5
100.48 96 =+ 14 0.19 +0.05 400

*104.18 892 + 24 54.1 +2.3 1806 =+ 50 0.64 1745 0.41
105.02 85 =+ 20 2.0 +0.3 180 400 180 0.5
105.17 266 + 22 8.9 +0.7 549 + 48 0.64 535 0.5

*105.37 1070 +154 916 2623 +375 0.64 1215 0.41
107.00 317 + 18 10 655 =+ 40 0.64 - 650 0.5

*107.90 835 =+ 36 205 1996 +108 0.63 1681 0.41
108.94 362 * 32 15 +2 739 + 67 0.62 720 0.58
109.65 103 + 18 0.21 +0.,05 400 0.5

*110.20 218 =+ 27 50 533 + 66 0.60 460 0.41
110.60 70 =+ 20 0.11 +0.04 400 0.5
111.16 289 =+ 22 5 614 <+ 50 0.60 608 0.5

*111.35 2534 +243 2100 4553 +460 0.60 2380 0.58
111.57 179 = 22 1.2 +1.0 400 0.58 0.5
111.76 277 = 22 5 588 + 50 0.58 582 0.5

broad resonances. and Rohr et al.® There are other s-wave resonances

) : whose neutron widths, determined by Garg' from
DISCUSSION OF RESULTS total cross section measurements, do not provide

The broad resonance at about 35 keV has been
reported by Garg' from a transmission measure-
ment to be a doublet with I'" = (1820 +200) eV for
aJ =3 resonance and I',= (730 +70) eV for a J=2
resonance. Using these values of gI',, in the
analysis of the capture data, a relatively large
value for I, (~3.8 eV) for the J=3 resonance, and
a negative value for the I', for the J=2 resonance
results. An analysis in which gT’, is varied is
summarized in Table II.  The results suggest that
these two close /=0 resonances of different spins
have comparable neutron widths on the basis of
nearly equal values for I,. The comparable
neutron widths of this doublet are also consistent,
except for the J assignments, with the values ob-
tained by Stephenson et al.'* and Mughabghab et
al.’? from a reanalysis of the total cross section
data of Garg et al.'®

The analysis of the s-wave doublet near 57 keV
is consistent with the neutron widths determined
from the transmission measurement! but is not
consistent with the results of Morgenstern et al.?

good fits to the capture data. These resonances
occur at energies of 71.80, 74.20, 91.90, 108.0
keV and are possibly doublets of different spins
with smaller neutron widths as evaluated in the
present experiment. Moreover we do not see in
our capture data clear evidence for /=0 resonances
at 82.3 and 93.7 keV as reported by Garg.? We do
observe narrow /=1 resonances at these energies.
The transmission measurements are normally
reliable for the assignment of /=0 resonances due
totheir characteristic asymmetric shape. However,
ambiguities may occur for weak /=0 resonances,
since these fail to show strong asymmetric shapes.
Capture cross sections, on the other hand are
quite sensitive for detecting narrow /=1 and pos-
sibly I =2 resonances. At neutron energies up to
about 100 keV, the penetrabilities (P,) for higher
angular momenta (I >2) are very small and hence,
resonances with [ >2 are too narrow to be obser-
ved. In the present measurements we have ob-
served almost all of the /=0 resonances as well
as many narrower resonances. Many of these have
not been observed in the transmission experi-
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FIG. 1. Effective neutron capture cross sections for a thick metal sample of manganese.

. ments'® and are possibly I=1 or /=2 levels. Since
the ground state of *Mn is 37, capture of s-wave
neutrons would populate compound states with J*
=2".and 3°, whereas resonances with J"=1+, 2%,
3* and 07, 17, 27, 37, 47, 5 would be populated
with /=1 and /=2 neutrons, respectively. Since
! values rather than J values will ordinarily be
evaluated from these measurements, only average
values of the resonance parameters are obtained
for different / values. For example the level den-
sity defined as

0 ;(U) =po(U)(2J +1)exp[(=J + 3)*/20%]

can be obtained for each ! value. For ¢=3.5 (Ref.
1) we obtain a ratio of mean spacing (D=1/p) for
1=0 and /=1 neutrons as D(I=0)/D(l=1)=1.82,
The mean value of (D) for s-wave resonances
up to 100 keV neutron energy has been measured*
as (1.96 £0.20) keV. This value of (D) is based
on the assumption that all the resonances are
s wave. On the basis of our capture measure-
ments we feel that the resonances at energies of
6.33, 10.87, 25.89, 33.65, 36.40, 40.90, 43.80,

60.40, and 93.70 keV reported by Garg' as [

=0 are most likely p wave. Moreover the s-wave
resonance he reports at 91.90 keV is most likely

a close doublet with opposite spins. This is based
on the large value of T, deduced when it is ana-
lyzed as a single resohance. This resonance has
been analyzed as a doublet and the parameters are
given in Table I. On the basis of the above cor-
rections to the / assignments of resonances we ob-
tain a revised value for the s-wave average spacing
for Mn as (D), ,=%2 =(2.24 +0.25) keV. In the
present capture measurements we have observed
100 non-s-wave resonances from 4 keV to 112

keV giving a value for (D), = (1.08 + 0.08) keV.
This value of (D) for p-wave resonances gives a
ratio of D, /D, =(2.07 £0.29), which is somewhat
larger than that given by the level density formula
but is within the estimated uncertainties. It is,
however, possible that some of these narrow re-
sonances belong to I =2 capture. In order to es-
timate the number of resonances which may belong
to 1 =2 we have investigated the reduced neutron
width distribution of p-wave resonances.
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FIG. 2. Effective neutron capture cross sections for a thick metal sample of manganese.

Distribution of reduced neutron widths

The distribution of reduced neutron widths (T",/
VE,) for resonances of a single spin state about
its mean value follows the Porter -Thomas dis-
tribution.!® This distribution can be derived from

LSFT .
Eo=88I5eV
> 04— g =21626eV
£ Iy =1.20+0038 eV
2 g=0583
g o3
5
]
g 02—
[+
(&)
w
& ol
oI | | | | | |
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FIG. 3. The LSFIT analysis of a broad resonance at
8815 eV,

a consideration of the random distribution of the
phases of the probability amplitudes ¥,,’s which
in turn are proportional to the square root of the
neutron widths. The Porter-Thomas distribution
is identical to a x? distribution with one degree
of freedom (v=1),
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FIG. 4. TheLSFIT analysis of a broad resonance at
7102 eV.
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FIG. 5. A typical curve showing the analysis of
TAcAsI fit for the doublet at 7102 and 8815 eV.
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where P(x) is the probability of x lying between x
and x+dx and

x=(TH/(TY).

Since s-wave neutron widths represent a single
channel scattering process for an even-even tar-
get nucleus, the distribution of amplitudes, i.e.,
square roots of reduced neutron widths (y=x%?),
for the distribution may be written as

P(y)dy=(2/m)2exp(~y?/2)dy .

This is of course the normal distribution with
zero mean. The normalization constant will de-
pend upon the number of resonances and the in-
terval dy.

We have investigated the distribution of neutron
reduced widths (in square-root form) about their
mean values for both s- and p-wave resonances.
Plots of these distributions along with the theore-
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tical distributions are shown in Figs. 6 and 7, re-
spectively. The distribution for fifty s-wave re-
sonances up to 112 keV neutron energy is in ex-
cellent agreement with the Porter-Thomas dis-
tribution; whereas the distribution for p-wave
resonances shows an excess of about 18 small I'}
over that expected from the Porter-Thomas dis-
tribution. Hence we are inclined to attribute this
excess of small I'} to the presence of d-wave re-
sonances in this series.

Since in the present measurements we have no
way of separating p-wave levels according to spin,
the distribution represents a mixture of 2 channel
spins and 4 independent spins (J) and thus the
distribution in this case may differ from a y? dis-
tribution with one degree of freedom. We have
arbitrarily excluded very narrow resonances where
(gTH/2<0.08 eV from the p-wave series and have
assigned them as d-wave resonances. The elim-
ination of these resonances gives better agree-
ment with the Porter-Thomas distribution as is
shown in Fig. 8.

Strength functions

The neutron strength function is a quantity of
some interest in the investigation of the optical
model potential, as well as contributing to the
location of single particle or other states near the
neutron binding energy which contributes to the
strength. The strength function S, for angular
momentum ! is defined as

__1 Jgr}
P2l +1 AE

where I'} is the neutron reduced width, and AE
is the energy interval over which T’} values are
determined. Moreover, I'} can be expressed in
terms of the penetrability factor P, or V,as T.=T?/
V,;, where Ty is the reduced neutron width for

TABLE II. The analysis of the unresolved doublet resonances at ~ 35 keV by the LSFIT.

code using different values of gT'), .

This table shows the dependence of PY on the assumed

gr,.

&r,T,/T gr, (Ty)etr
Case E, (eV) (meV) g eV) 1".’ (meV) (meV)
I 35300 3258 +242 0.58 1055 5636 +£420 3800
I 2440 +243 0.58 950 4219+421 2581
il 2027+ 184 0.58 850 3504 +£320 2038
v 1785+192 0.58 850 3085+333 1620
A% 1618 +£220 0.58 800 2795+420 1415
I 35535 149+ 97 041 300 362+ 238 -370
I 465+ 128 041 475 1136 +313 - 22
I 665+ 160 041 500 1625+391 405
v 747+ 154 041 550 1826 +£377 485
v . 1106 +192 041 550 2705+471 1365
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FIG. 6. Reduced neutron widths distribution for 7=0

resonances and the comparison with the Porter-Thomas
distribution.

1=0 and V,=P,/(kR), P,=FR, and P,=(kR)*/
[1+(kR)?*]. Thus the value of S, is independent

of the nuclear radius (R), whereas the values of
S;5 Will be dependent upon the value of the radius.
We have evaluated the p-wave strength function
from these measurements using the expression
Sl=&1‘,’,/3(Ef —E,). For avalue of R=4.5 fm, we
obtain S, =(0.36 +0.05) X 10°¢ eV using all the levels
listed in Table I as p wave and not marked with

an asterisk. A value of S,=(0.35+0.05)x 10™*
eV™1”2 i obtained after eliminating the levels which
we have taken to be d wave. As expected the

value of S, is quite insensitive to the elimination
of these very narrow widths, but misassignments
of weak s-wave levels to the p-wave distribution
might increase the value of S, significantly. How-
ever, the s-wave neutron width distribution (Fig.

30_
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FIG. 7. Reduced neutron widths distribution (square-
root form) for I >0 resonances and the comparison with
the x 2 distributions for v=1 and v=2.
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FIG. 8. Reducedneutron widths distribution (square-
root form) for =1 resonances and the comparison with
the Porter-Thomas distribution.

6) suggests that weak s-wave resonances have not
been significantly missed.

A plot of the cumulative sum of gT'} vs E,, is
shown in Fig. 9. The slope of the straight line
passing through these points gives a measure of
S,. A straight line with a slope S, =(0.3623:33
X107 eV™'2 may be fitted to the points below 20
keV and above 70 keV. However, a fit to points
up to 50 keV gives a value of S, =(0.49:3:9%) x 10™*

=0,05:

p-WAVE STRENGTH FUNCTION
12t
He
OF 5 (049t 091)
9._
8_
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~ 6 5,=(036£044)x10%ev "2
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4+
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2_
-
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FIG. 9. A cumulative plot of Egl",‘, vs E,. The slopes
of the straight lines drawn through different neutron en-
ergy interval show the values of S;.
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eV~1/2, Although the discrepancy in the two values
of S, can be ascribed to fluctuations; one may
speculate that the excess strength is due to an in-
termediate state in the 5°Mn compound system at
some 50 keV above the neutron binding energy

with a width of perhaps 20 keV. We prefer the
lower value of S, =(0.36:3:33) x 107 eV'/2, since this
spans the neutron energy region up to the maximum
energy of 112 keV providing a better statistical
sample and thus smaller statistical uncertainty in
the value of S,. In addition the possible contribution
from weak s-wave resonances at higher energy
would make a lesser change in the strength func-
tion due to the larger value of kR. This value

of S, is consistent with values for other neighbor-
ing nuclei, and is also consistent with optical
model calculations for spherical nuclei in this
mass region using the model parameters de-

rived by Garg.!

For resonances which are designated as d wave
we estimate a value for S,=1.0x10"* eV~*/2 which
is smaller than expected in this mass region.

This is of course an experimental shortcoming,
since we have detected at most 18 d-wave levels
constituting only about 17% of the levels although
a larger percentage of the d-wave strength.

p-wave level spacing

After correcting for the presence of d-wave levels
one obtains a revised value for D, =(1.32+0.11)
x10™ keV and a ratio for D(I=0)/D(I=1) (1.70:3:3
which is in good agreement with the prediction
of the level density formula.

Uncertainty in resonance energies

The uncertainty in the resonance energies is
estimated as +E/1200, based on the assumption
that the resonance peaks could be determined to
about one-half the resolution width at all energies.
For a comparison of resonance energies deter-
mined here with the values from total cross sec-
tion measurements, it should be noted that for
broad s-wave resonances, the energies quoted
by Garg! are R-matrix energy eigenvalues which
do not necessarily coincide with resonance peak
energies. The agreement is very good between
the two sets of energy values obtained from widely
different experimental measurements.

Radiation width distribution

Some 47 s-wave radiation widths (T',) corrected
for neutron scattered sensitivity were measured
up to 112 keV. The mean values for the radiation
widths for J=2, J=3, and J=2,3 are as follows,

(T,);2=T10+150 meV,

(T,)75=790+160 meV,
(I})y2,3=750+150 meV.

For p-wave resonances only 28 radiation widths
were measured directly giving a mean value of
(T',);.,=400+100 meV. The above difference be-
tween (T',), ; and (I',),_, appears only modestly
significant in a statistical sense. However, since
most p-wave resonances have narrow widths (much
less than our instrumental resolution), we are

able to measure directly I',’s for only the strongest
resonances and thus obtain an uppér limit for
(I',); .- From the area under the resonance only
the kernel, gT',I",/(T,+T,) can be evaluated. T,
values for most p-wave resonances are not known
from transmission work, so that values of I,
cannot be computed from these measurements.

In some cases at low energies we could determine
both I', and T, from the capture data, assuming

an average value of g=0.5. A value of I', ~ 300 meV
was then estimated for the narrow resonances up
to 32 keV. Since our least-squares analysis gave
good fits for independent values of I', (371 +31 and
361 + 32 meV for resonances at 33.32 and 36.54 keV,
respectively), we have assumed a value of r,

=400 meV for most narrow resonances above 32
keV. A few values of I', ~ 500 meV were used to
determine gT'", values. Values of gT', so estimated
will have an added uncertainty associated with the
fluctuation in the assumed gT", values.

Correlations between reduced neutron widths and the radiation
widths

The presence of a significant correlation be-
tween I', and T", has been observed by Block et
al.'* and Beer et al.' for even-even nuclei in the
mass region of the 3S strength function maximum.
The presence of this correlation is, however,
not consistent with the Bohr postulates for reso-
nance phenomena, where the decay of the com-
pound nucleus is considered to take place according
to statistical theory. Similarly, from the study
of thermal neutron capture spectroscopy, the cor-
relation between (r,y) partial widths to a given
final state and spectroscopic factors of nucleon
transfers in (d,p) reactions to the same final state,
have been observed by Kinsey ef al.!® and Groshev
et al.'” This latter effect had prompted theorists
to investigate the mechanism for radiative cap-
ture. For example Lane and Lynn'® have con-
sidered the capture mechanism in terms of three
components, i.e., (1) compound nucleus formation
according to Bohr’s postulates, (2) direct or
potential capture, (3) channel or valency capture.
Moreover Lane!® has emphasized that any sig-
nificant positive correlation between partial widths
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of different channels (e.g., I', and I';;) can arise
from nonstatistical effects in the radiative process.
Large correlations between the above quantities
could either arise from the existence of a simpler
state (such as a'doorway state of the proper J7)
near the neutron binding energy, or it could arise
if the decay process followed a direct nucleon
transfer, i.e., valency capture. It would appear
that a significant correlation between neutron
widths and radiation widths is possible if the
radiative decay process is dominated by few tran-
sitions, presumably to simple low lying states.

The (linear) correlation p between N pairs of
quantities such as I') and I', from a bivariate
population is defined as

TS, - T, - T,)
i=1

?

p(r3’r1)= N _ o & — 12
(Do, -5 Dy, Ty

SECTION OF MANGANESE 2089

where TP and T, are the mean values. This

. coefficient measures the degree of correlation be-

tween the two variables I',; and I');,. The values
of p can vary from +1 to —=1. A correlation of p
=+1 or -1 signifies complete linear dependence
and p =0 implies that the two widths are ¢om-
pletely independent of each other.

We have investigated the correlation between
the s-wave reduced neutron widths from transmis-
sion measurements’ and the radiation widths for
the same resonances as evaluated in the present
measurements. We have obtained the following
results: p;_;=(0.82+0.20), p,_,=(0.53+0.19),
Pz 3=(0.64:0.14). The uncertainty in the value
of the correlation coefficient can be obtained from
the following expression!®:

M=

N
AT (9, - T2+ 2 (aT9)¥(T,, - T,)?
1 §=]

s
"

Ap?=

N N
2wy, - T3 2 (T, - T2

TABLE III. Average capture cross sections for different neutron energy intervals.

Energy range

Average cross section

Rigoleur et al. (Ref. 4)

(keV) (mb) (mb)
3-6 81.3
6—-9 186.6
9-12 67.1
12—-15 27.7
15-20 43.6 57.05
20-30 44.6 40.97
30-40 4.7 27.43
40-50 28.2 19.58
50-60 26.0 20.41
60—80 21.5 20.19
80-100 16.3 17.65
100-120 14.3 12.64
120-140 15.2 11.53
140-160 8.3
160-180 8.6
180-200 8.3
200-220 6.5
220-240 6.3 8.56
240~-260 5.6 7.65
260-280 5.6 7.70
280-300 6.6 6.50
300-320 N 5.8 4.66
320-340 5.7 4.28
340-360 5.8 5.36
360-380 4.3
380—-400 5.1 4.54
400-420 5.9 4.11
420-440 5.0 3.30
440-460 5.6 2.77
460—480 5.6 3.35
480—-500 4.6 3.25
500-550 4.2
550—-600 4.8
600—-650 3.8

650—700 4.3
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Further, it is necessary to determine if the ob-
served correlation is significantly different from
zero. In a finite sample of two variables, a
positive correlation coefficient can occur purely
by chance, and it is thus necessary to determine
the level of significance. To do this, a random
sample of pairs of reduced neutron widths with a
Porter-Thomas distribution and radiation widths
consisting of about 20 channels were evaluated
using a Monte Carlo program. The calculation
gave a probability of 0.001 that a random distri-
bution of these pairs would produce a correlation
coefficient as large as that observed, i.e., the
observed correlation is significant at the 99.9%
confidence level.

Since the value of correlation between I'$ and T,
depends upon the values of I', which requires cor-
rection for neutron sensitivity factor (&), it was
considered essential to reevaluate this quantity
for the case where the 2 values were systematically
increased by 30%. A value of p =(0.42+0.14) was
obtained for the contribution of resonances of
both spins. This value though smaller than that
obtained for values of £ given in Table I, is found
again to be statistically significant at the 99.6%
level of confidence. Hence, the present results
do appear to confirm the earlier findings of
Block et al.'*

Average capture cross section

Analysis of the current data above 112 keV is
seriously compromised due to limitations in in-
strumental resolution. However, the average
value of the capture cross sections can be obtained
over various energy intervals. We have calculated
the average capture cross section values in the
energy range of 3 to 700 keV for varying energy
intervals as given in Table III. These values of

the average capture cross section show wide
fluctuations depending upon the presence of re-
sonances and size of the interval chosen, par-
ticularly at the lower energies. The average cap-
ture cross section value can also be calculated
theoretically if the values of the strength functions
(S;), mean radiation widths, and level spacings
are known for each value of /, and if competition
from inelastic channels is not present (or has
been measured). In Mn the first inelastic channel
opens up at 126 keV and the second excited state
is at 926 keV. The agreement of our average data
with the calculations is not good at higher energies
due largely to the inadequacies of our treatment
which uses a single value of f, in evaluating (T,/
(D)), whereas we observe different values of T,
and (D) for different / values.

CONCLUSIONS

These high resolution capture cross section
measurements in manganese permit evaluation
of the p-wave strength function. It is found to
be consistent both with values found for neighbor-
ing nuclei and with optical model calculations using
the parameters of Garg.! We have extracted a
value for the mean spacing of p-wave resonances
as well as mean values of radiation widths for p-
and s-wave resonances. A significant correlation
between the radiation widths and reduced neutron
widths of s-wave resonances has been observed
which confirms earlier findings of Block et al.*
and suggests the presence of a nonstatistical
radiative decay process in this nucleus.
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